Organelle acidification is an essential ele ment of the endosomal-lysosomal pathway, but our under standing of the mechanisms underlying progression through this pathway has been hindered by the absence of adequate methods for quantifying intraorganelle pH. To address this problem in neurons, we developed a direct quantitative method for accurately determining the pH of endocytic or ganelles in live cells. In this report, we demonstrate that the ratiometric fluorescent pH indicator 8-hydroxypyrene-1,3,6 trisulfonic acid (HPTS) is the most advantageous available probe for such pH measurements. To measure intraorganelle pH, cells were labeled by endocytic uptake of HPTS, the ratio of fluorescence emission intensities at excitation wavelengths Organelle contents acidify as they progress through the endo somal-lysosomal pathway (1), but the nature of the progres sion is not well understood. In addition, little is known about this degradative pathway in neuronal cells (2, 3). To study the spatiotemporal organization of this dynamic process in neu rons requires a noninvasive method for measuring organelle pH in live cells. Most studies of intracellular pH have focused on the cytoplasm (e.g., refs. 4-9; for review, see ref. 10), and considerably less work has addressed the pH of organelles within living cells (11) (12) (13) . On the latter subject, the extant literature suffers from the use of pH probes that are nonquan titative, subject to a variety of artifacts, impossible to calibrate accurately, or restricted to use in fixed cells. Here we present an accurate quantitative method for determining intraor ganelle pH in living cells that is ideal for studies of the endosomal-lysosomal pathway in neurons and other cell types.
endocytically derived organelles exist in the axons of sympa thetic neurons in different steady-state proportions than in the cell body. Furthermore, we demonstrate that these axonal organelles have a bimodal pH distribution, indicating a rapid acidification step in their maturation that reduces the average pH of a fraction of the organelles by 2 pH units while leaving few organelles of intermediate pH at steady state. Finally, we demonstrate a spatial gradient of organelle pH along axons, with the relative frequency of acidic organelles increasing with proximity to the cell body.
Organelle contents acidify as they progress through the endo somal-lysosomal pathway (1) , but the nature of the progres sion is not well understood. In addition, little is known about this degradative pathway in neuronal cells (2, 3) . To study the spatiotemporal organization of this dynamic process in neu rons requires a noninvasive method for measuring organelle pH in live cells. Most studies of intracellular pH have focused on the cytoplasm (e.g., refs. 4-9; for review, see ref. 10) , and considerably less work has addressed the pH of organelles within living cells (11) (12) (13) . On the latter subject, the extant literature suffers from the use of pH probes that are nonquan titative, subject to a variety of artifacts, impossible to calibrate accurately, or restricted to use in fixed cells. Here we present an accurate quantitative method for determining intraor ganelle pH in living cells that is ideal for studies of the endosomal-lysosomal pathway in neurons and other cell types.
Our work employs the fluorescent pH indicator 8-hydroxy pyrene-1,3,6-trisulfonic acid (HPTS) that has six properties essential for studies of intraorganelle pH: (i) It lacks toxicity or
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interference with normal cellular functions at the experimen tal concentrations. (ii) It has a pKa near neutrality and high pH resolution in the physiologic range. (iii) It responds rapidly to changes in pH. (iv) It is a ratiometric indicator, allowing quantitative measurements regardless of organelle size or probe concentration. (v) It can be calibrated within live cells, for precise and accurate quantification. (vi) It is hydrophilic and membrane impermeant, allowing easy loading into endo somes by fluid-phase endocytosis but preventing leakage across intracellular membranes. The latter property is partic ularly important in studies of neurons, since a marker endo cytosed at the axonal tip must be retained within organelles for a relatively long period while the organelles undergo retro grade transport over considerable distances. HPTS has been recognized as a useful probe for dynamic pH measurements of membrane-bound aqueous medium (14, 15) and, in principle, as the best fluorescent indicator for the measurement of pH in the physiologic range due to its vastly greater accuracy and sensitivity compared to commonly used pH indicators (16) . However, HPTS has not been exploited for cell biological studies, perhaps because the lack of a hydrolyzable membrane permeant analog precludes easy analysis of cytoplasmic pH.
In this study, we present detailed data on the proper use of HPTS for the study of organelle acidification in the endoso mal-lysosomal pathway and insights into the kinetics of or ganelle acidification and the spatial organization of this path way in neuronal cells. We demonstrate that for accurate pH measurements using HPTS, calibration must be done in situ, not in vitro, and at the time of experimental data collection. Our experimental data demonstrate that organelles in the endosomal-lysosomal pathway do become acidified within the axons of cultured sympathetic neurons and that their pH distribution is distinctly bimodal, thus, indicating the existence of a rapid step function in axonal organelle acidification. We also show that the spatial distribution of acidified organelles along these axons is not uniform: acidified organelles are more frequent nearer the soma.
MATERIALS AND METHODS Materials. Unless otherwise specified, all supplies were obtained from Sigma. Minimum essential medium (MEM), horse serum, Hanks' buffered saline solution (HBSS), and trypsin for astroglial cultures were obtained from GIBCO. HPTS and nigericin were obtained from Molecular Probes.
Cell Culture and Endocytic Labeling. Culture dishes for microscopy were prepared by sealing a glass coverslip over an 18-mm hole drilled in the bottom of a 60-mm plastic culture dish (17) . Sympathetic neurons were obtained by dissection of ganglia from 10-day chicken embryos and cultured as de scribed (18) , except that coverslips were incubated in poly(L lysine) at 1 mg/ml for 12-24 h and then treated for 12-24 h with laminin at 10 ,ug/ml. Chicken epidermal fibroblasts were Abbreviation: HPTS, 8-hydroxypyrene-1,3,6-trisulfonic acid.
prepared and grown to confluence as described (18) , passaged once, and plated out at densities low enough to resolve isolated cells. Type I astroglia were obtained from dissociated embryonic day 22 or neonatal rat cerebral cortex and grown to confluence in glial maintenance medium as described by Goslin and Banker (19) , passaged once, and plated at low densities on coverslips treated with poly(L-lysine) at 1 mg/ml for 1 h at 20°C. After cell attachment, medium was changed to the appropriate experimental medium: (i) amino acid-buffered fibroblast maintenance medium (18) , (ii) C02-buffered glial maintenance medium, or (iii) C02-buffered serum-free medium containing N2 supplements (20) for ratiometric imaging, and the emission filter was a standard fluorescein set. Images were collected via an intensified Hamamatsu charge-coupled device video camera, with the sensitivity, offset, and gain kept constant for the duration of each experiment. By using a Tracor Northern TN8500 image processing system, all images were gathered by alternate collection of 10 averaged video frames at each of the two excitation wavelengths until 50 video frames were collected and averaged for each. Background images were then digitally subtracted from the fluorescent images and labeled organelles from stored images were selected by using a binary mask. For each of the two excitation wavelengths, fluorescence intensities were measured on a numerical gray level scale of 0-255 for each pixel in an organelle image, a mean intensity for all pixels in the organelle was calculated, and these values were used to calculate a F450/405 ratio for each organelle. Organelles with saturating fluorescence intensities at either excitation wavelength were omitted from the data set. In situ calibration curves, generated as described above, were used to convert ratios into absolute pH values. RESULTS 
HPTS Labels Discreet Organelles and Reveals Distinct
Acidic and Neutral Organelles. Cells endocytically labeled with HPTS exhibit punctate fluorescence patterns characteristic of organelle labeling when viewed by epifluorescence (Fig.  1 ). The absence of detectable cytoplasmic fluorescence confirms that this pyranine dye is retained in organelles, in agreement with earlier evidence of the strong retention of this pyranine dye in membrane-bound compartments (22) . In addition, because the fluorescence intensity of HPTS excited at 450 nm is robust at pH 7-8 but near background at acidic pH, while the inverse is true for the fluorescence produced by 405-nm excitation, basic organelles appear bright with 450-nm excitation and dim at 405 nm, whereas acidic organelles appear bright with 405-nm and dim with 450-nm excitation, providing a qualitative indication of organelle pH (Fig. 1) . In single cells exposed to HPTS for a time sufficient to label the entire endosomal-lysosomal pathway, both neutral and acidified organelles can be seen ( Fig. 1 B and C) .
Calibration Curves Must Be Generated in Situ on the Day of the Experiment for Accurate Quantitative pH Measurements of Organelles in Live Cells. To accurately quantify pH by using ratiometric imaging, the relationship between organelle pH and fluorescence ratio must be properly calibrated. We found that standard curves generated from ratiometric measurements of HPTS in vitro exhibited consistently higher ratios at all pH values than those generated on the same day in situ in endocytically labeled pH-equilibrated cells (Fig. 2) , as has also been reported with the ratiometric pH probe Snarf-1 (6) and cytoplasmic HPTS (4). Thus, experimental values for organelle pH obtained with in vitro standard curves would be artifactually low by up to 0.5 pH unit. Calibration data gathered on different days both in vitro and in situ yielded standard curves that exhibited different ratio values in the acidic range and different slopes in the more-sensitive range between pH 6 and pH 8 (Fig. 3) for F450/405 vs. pH generated on the same day were essentially superimposable, except near the upper limit of HPTS sensitivity (Fig. 3) (Fig. 2) , indicating that accessory cells can be used for experimental calibration.
Since protein and ionic environment affect the fluorescence properties of many probes (8, 16), we generated HPTS standard curves by using cultures of rat type I astrocytes grown and endocytically labeled in (i) amino acid-buffered L15-based medium with serum or C02-buffered MEM (ii) with or (iii) without serum (Fig. 4) . We observed no significant difference in the curves, indicating that neither serum nor the particular type of buffering influences organelle pH measurements. Furthermore, using pH clamping buffers that differed 2-fold in their buffering capacity resulted in very similar standard curves (Fig. 4) (Fig.  1) . Furthermore, quantification of the relative frequency of organelle pH revealed a bimodal distribution in somatic and axonal domains (Fig. 5) . Of (4, 6, 8, 15, 21, 23) . We also find that it is not always necessary to gather standard curve data from the experimental cell type, allowing the use of flatter moreadherent accessory cells for pH calibration in neuronal studies. By using this sensitive and accurate method, we show that axons contain acidic organelles of the endocytic pathway. Furthermore, we observe a bimodal pH distribution for endocytically labeled axonal and somatic organelles, indicating a rapid acidification step. We also demonstrate a decrease in average pH nearer the soma, suggesting a proximodistal gradient of active acidification machinery.
Although Wolfbeis et at (16) , in a broad study of fluorescent pH indicators, concluded that HPTS had the best spectral properties for quantitatively measuring pH in the physiologic range, and despite its use with model membrane systems, this probe has only occasionally been used for live cell studies (4, 7, (24) (25) (26) (27) . Its sulfonate and hydroxyl groups render it charged, water soluble, and highly membrane impermeant, making it impractical for studies of cytoplasmic pH but ideal for studies of the endosomal-lysosomal pathway. After entering the pathway by fluid-phase endocytosis, it remains within membranebounded organelles long enough to monitor protracted processes, such as the retrograde transport of axonal organelles from terminals to somata. We assert that intraorganelle pH determination using HPTS is a considerable improvement over other available methods for the study of the spatiotemporal properties of the endosomal-lysosomal pathway in live neurons and other cell types. The pH indicators that have been used for cellular studies lack the accuracy and resolution of HPTS. One commonly used class of pH indicators are the weak bases, such as acridine orange, which become protonated and accumulate in acidic organelles (28) , thus offering a qualitative estimate of pH. However, treatment with an excess of nonfluorescent weak bases often fails to flush the dye out of all labeled organelles, indicating a potential lack of specificity for even relatively acidic compartments (e.g., ref. 29) . Thus, it is uncertain whether fluorescent weak bases report pH or other unrelated cellular properties. Furthermore, even at subtoxic levels, these compounds can have numerous adverse effects on normal cell physiology (for reviews, see refs. [30] [31] [32] .
Ratiometric imaging in conjunction with in situ calibration can control for effects due to the intracellular environment and variable dye concentration (33) . A variety of fluorescent compounds whose excitation spectra and/or fluorescence intensities change with pH have been used for such studies, but many of them, including commonly used fluorescein derivatives, are not adequate for intracellular studies (e.g., refs. 16 and 31) due to impractical spectral properties and a tendency to leak across membranes too easily for studies requiring prolonged retention of the indicator (31, 34) . Although their size renders fluorescein-conjugated dextrans highly membrane impermeant and thus the best option among the fluorescein compounds for studies of the endocytic pathway (31, 34), their fluorescence properties severely limit their pH resolution and sensitivity. Because Neurobiology: Overly et at 2). Although the endosomal-lysosomal pathway in neurons has not been extensively studied, recent work localizing antigenic markers of late endosomes and lysosomes to neuronal cell bodies and proximal dendrites is consistent with the general belief that degradative activity is excluded from the axon and found only in the somatodendritic domain (37, 38) , although electron microscopic evidence has suggested lysosome-like structures at nodes of Ranvier (39) (40) (41) . One study of acidic compartments in neurons (38) suggested that organelles in the later stages of the endosomal-lysosomal pathway are found predominantly in the somatodendritic compartment. By com bining qualitative electron microscopic methods and ratiomet ric imaging with fluorescein isothiocyanate-coupled inactive horseradish peroxidase, this study revealed acidic somatoden dritic organelles and suggested the presence of acidic or ganelles in axon terminals and varicosities. However, the extremely low signal in axons, the choice of probes and their calibration in fixed cells, and compilation of calibration data from different experiments introduced important sources of error and prevented pH determination in axons.
Our data using HPTS as a ratiometric pH indicator do not contradict earlier work, but rather supplement a body of negative and largely qualitative results with positive quantita tive data that change our view of the spatial organization of degradative pathways in neurons. The intense labeling by a low molecular weight free dye, the avoidance of problems associ ated with weak base probes, and the accurate quantification produced by calibration curves generated in live cells allowed us to determine the absolute pH of a large number of axonal organelles. These data demonstrate that while axonal or ganelles of the endocytic pathway remain neutral much longer than would be expected in the soma or nonneuronal cells (1), a significant fraction of them do become acidic while still within the axon. The pH of the acidified population of axonal organelles was found to average 5.4, a value considered characteristic of late endosomes (1) . This indicates that at least the initial stages of acidification in the endosomal-lysosomal pathway occur within axons; it remains to be seen whether acidification is accompanied by degradative activity. Further more, the bimodal distribution of pH frequency suggests acidification is a rapid discreet step, such that at any time very few organelles of intermediate pH can be observed.
Along with this bimodal pH distribution, the increasing proportion of acidic organelles with increasing proximity to the soma has interesting implications for the progression of axonal organelles through the endosomal-lysosomal pathway. The uneven spatial distribution suggests an essential role for ret rograde organelle transport in the acquisition of at least some lysosomal properties. We suggest two possibilities: (i) Golgiderived vesicles containing the endosomal-lysosomal proton pump(s) might penetrate the axon poorly, thus making their fusion with endosomes more likely to occur in the proximal region of the axon. In this context, it is important to note the diversity of proton pumps in the cell (e.g., refs. 42 and 43). Although the proton pump associated with synaptic vesicles is present in the distal axon, it is specifically localized in a restricted region of the neuron and to a specific organelle population and is most likely targeted, transported, and reg ulated differently from the proton pump employed in the later stages of the endosomal-lysosomal pathway. (ii) Another explanation of our data is that endosomes do acquire their specific proton pumps in the distal axon but proximity to the soma increases the probability of their activation. Further study of this pathway should clarify these issues. Proc. Natl. Acad Sci. USA 92 (1995) 
